Mechanisms of machines completing a repeating operation have many
INTRODUCTION
Machines that complete a repeating operation are widely used in the food, printing, textile and automotive industry [1] [2] [3] . The working elements of the machine are connected to the output link of the working mechanism, with its motion depending on the technological operation being performed by the machine. The law of motion of the output link during one operation represents the working cycle. In some cases, the output link is required to have periods of dwell during the cycle, while the input link, usually connected to the driving motor, remains in motion. The motion law of working link in the beat-up mechanism must have dwell periods in order to realize the correct condition for weft insertion [4] . Performance of internal combustion engine can be significantly improved by manipulating its dynamics at the top dead center position [5] and one possible way is to use piston motion law with dwell [6] . There are many mechanisms in existence that fulfil these requirements, the most well-known being cam and Geneva mechanisms [7, 8] . A law of motion of the output link that contains periods of dwell can also be realized with 6-bar linkage mechanism. Linkage mechanisms can achieve only an approximation of stillness during periods of dwell. However, it is possible, through synthesis, to obtain mechanisms where the inaccuracy of the stillness is small enough to be considered nonexistent, justifying the use of linkage mechanisms in working cycles with periods of dwell [9, 10] .
In this paper, we present a procedure of the graphic synthesis of complex structure mechanisms containing high class structural groups.
STATE OF THE ART
Synthesis procedures are well developed for planar linkage mechanisms with a simple structure -both those with an open kinematic chain structure and those with a close one, though for the latter ones only for mechanisms with a lower number of links [11, 12] . These types of mechanisms can not always fulfil the prescribed requirements -for example, a requirement for periods of dwell of the output link. Due to this, it becomes necessary to use mechanisms with more complex structure. First rational choice are 6-bar linkage mechanisms. Synthesis of a Stephenson III mechanism used in a press as a path generator is presented in [13] . The problem of generating a path for a Watt I mechanism used in a weaving machine is solved in [14] . The synthesis of Stephenson II mechanism as the function generator in 11 precise points is explored in [15] .
There are a few possible approaches to the synthesis of 6-bar mechanisms with intermittent motion of the output link. The first approach consists of the synthesis of a 4-bar linkage where a point on the floating link follows either an arc or a straight line. Following this is the synthesis of an appropriate dyad connected to the 4-bar linkage in the previously considered point. A procedure using nonlinear programming was used in [16] to synthesize the sixth link as a slider and a law of motion with one or two periods of dwell was obtained; [17] and [18] have a similar approach, with the RR dyad synthesized by kinematic geometry methods using Burmester points. The previously procedures all follow the trajectory of the floating link point during the whole cycle, even though only a part of it has significance. Due to this, some authors are attempting to develop different approaches to the formulation of the problem of synthesis. In [19] , the condition is derived for the instantaneous dwell of output link, and then formed a function intended to fulfil that condition on a finite interval of the motion of the input link. Oscillating output link of 6-bar mechanisms achieve so-called extreme positions in which it changes direction of motion and its velocity is equal to zero [20] . Synthesis of a mechanism in extreme positions is shown in [21] . The initial 6-bar mechanism is divided into two 4-bar mechanisms with an oscillating output link. The equations for precise points are then formed and dimensions of the mechanism are obtained.
Based on the analysis of available sources, it can be seen that synthesis of dwell mechanisms is done predominantly using analytical methods. The advantages of analytical methods are precision and fast execution. However, the synthesis of 6-bar mechanisms is problematic, due to the existence of multiple solutions and singular positions, which complicate the solution procedure. Graphical methods make the physical meaning of the problem clearly visible -the shape of the mechanism can be seen, removing the issue of singularities and multiple solutions. Due to this, graphical methods are very convenient for solving specific practical problems. The mechanism is shown in its extreme positions. In these positions, output link 6 changes its motion direction and angle φ 6 reaches its maximal and minimal value. The working cycle presented by the change of the output link 6 angle, with respect to the change of the input link 2 angle, is shown on Fig 1c. Generally, the output link has only instantaneous dwell in the extreme positions. According to [20] , the extreme positions of the Stephenson III mechanism are achieved when angles of links 2 and 3 are the same or differ by exactly 180°. Our goal is to design a 6-bar mechanism with an output link that will achieve dwell. This means that the working cycle should be as shown on Fig. 2 . The dwell of output link 6 lasts during the motion of input link 2 from position 1, through the right extreme position 2 and to position 3. Linkage mechanisms can not achieve absolute dwell, so the dwell of link 6 is approximate -motion of link 6 does exist, and it should be as small as possible. The smaller the oscillations of angle φ 6 , the higher the quality of the solution. During period of dwell, links 3,4,5 have small changes in position - Fig. 3a . The mechanism in the left extreme position is shown in Fig. 3b. 
SYNTHESIS PROCEDURE
In accordance with [22] , a synthesis procedure consisting of four steps is proposed.
Step one -the mechanism is divided into mutually independent closed contours by way of graph theory.
Step two -each contour is then divided into modules in accordance with the prescribed task of the synthesis. Since the metho-dology of open kinematic chain synthesis is well developed, they will be used as modules in the synthesis of complex mechanisms. A 2-bar open kinematic chain -dyad, in synthesis represents two bodies with two connections, where the final point is not connection, but a point of interest. Keeping in mind that two types of connections are used in planar mechanisms -rotational joints (R) and translational (sliding) joints (T), it is theoretically possible to form the following modules: RR, TR, RT, and TT dyads. It can similarly be concluded that the following tryads can be formed: RRR, TRR, RTR, RRT, TTR, TRT, RTT and TTT [23] , [24] .
Step three -the solving order of the contours and modules is determined in accordance with their solvability and prescribed synthesis task.
Step four -the modules are solved individually, and by combining them the final solution of the entire mechanism is reached. 
Module 1 -RRR tryad O 1 ABC
During dwell of the output link, the mechanism passes through three precise positions 1,2,3. The input link has positions determined by angles φ 21 ,φ 22 ,φ 23 . Since point C is considered to be fixed, the RRR tryad can be viewed as a 4-bar linkage. Output link 4 rotates from position 1 by angle φ 412 to position 2, and then by angle -φ 412 to position 3, meaning that the total rotation angle from position 1 to position 3 equals zero - Fig. 5 . To synthesize a 4-bar linkage as a function generator φ 4 (φ 2 ), it is necessary to define six parameters. First of all, angle φ 412 , since only then does the synthesis task make sense. The remaining three can be many different design parameters. However, since point C represents a point of interest -the position of a tool, of the piston etc., the coordinates of point C (x C ,y C ) are adopted as a known parameters. Due to design requirements, the coordinates of point O 1 (x O1 ,y O1 ) and the length of input link O 1 A are adopted as the final three known parameters.
The synthesis procedure is based on kinematic inversion, and is shown in Fig. 5 
At their intersection is point B 1 (x B1 ,y B1 ) whose coordinates are found by solving the previous system of equations. These are also the coordinates of point B 3 : 
The length of link 3 -link AB is:
making the coordinates of points B 2 and B 4 : The difference in position angles is the stroke of output link 6 -angle ∆φ 6 . It is necessary for the synthesis to define one more parameter -design-wise the simplest one is the length of link 6, i.e. the length O 3 C. First a circle is drawn with its center in point B 4 and its radius equal to BC -the length of link BC is constant. Then an isosceles triangle is constructed with its equal length sides being equal to O 3 C, and the angle between them to angle ∆φ 6 . Next a circle is constructed with its center in point C and its radius equal to a -the found length of the isosceles triangle base. Finally, point C 4 is found at the intersection of the circles, which is shown in Fig. 6 . The length of base a is:
The equation of the circle with its center in B 4 and its radius equal to BC is:
The equation of the circle with its center in C and radius a is:
Point C 4 is found at the intersection of these circles. By solving the previous system of equations, the coordinates of point C 4 (x C4 ,y C4 ) are found. Notice that there are two solutions to this system of equations and only one should be selected for futher use.
Module 3 -RR dyad O 2 DC
Since positions 1 and 3 coincide, the problem can be viewed as the synthesis of an RR dyad in three precise positions -positions 2,3,4. The precise positions are defined by the positions of length BC, specifically positions B 2 C 2 , B 3 C 3 and B 4 C 4 . Also, to increase the range of solutions, points B and C are not considered to be joints of the dyad. To solve this problem, it is necessary to define two more parameters. Due to design requirements -overall dimensions of the mechanism and the available space for it, the most convenient parameters are the coordinates of fixed point O 2 that represents the so-called center of the system. The synthesis procedure is shown on Fig. 7 . First the triangle of the finite rotation poles P 23 ,P 34 ,P 24 is found and the finite rotation angles θ 23 /2 and θ 24 /2 are defined. A line is constructed through point P 23 , at the angle -θ 23 /2 in relation to line O 2 P 23 , and through point P 24 , at the angle -θ 24 
The coordinates of the finite rotation poles P 23 and P 34 are: 
RESULTS
Using the presented method, the synthesis of a mechanism is performed. For input parameters from Tables 1a and 1b, geometric parameters are found and  are presented in Table 2 , and based on that, the motion simulation of the mechanism is done - Fig. 8 . The mechanism is in instantaneous dwell when angle φ 2 =185°, and in continuous dwell for angle φ 2 =325°÷45°. The stroke of the output link is ∆φ 6 =108.6°-(49.15°+48.15°)/2=60°. The dwell is not absolutely accurate. The angle of the output changes during dwell in the range of -48.15° to -49.15°. The median value of the angle equals -48.65°. To increase the ''quality'' of the mechanism, i.e. the variation of the output link angle should be reduced as much as possible, which requires further optimization of the system. 
CONCLUSION
The paper presents a graphical method for the synthesis of complex structure mechanisms that contain high class structural groups and has an output link with a period of dwell. Graphical methods make the physical design of the mechanism clearly visible, making it easy to avoid issues with singularities and multiple solutions. The procedure is based on the synthesis in extreme positions. This approach simplifies the problem, since the mechanism can now be considered only during the relevant phases of the cycle, instead of during the whole cycle. Mechanisms with one period of dwell were considered, with the motion around a specific extreme position being one of the interest. Further simplification is achieved by considering the mechanism in a finite number of precise positions. The following positions were defined as the precise positions -the beginning of the dwell, the extreme position and the end of the dwell, making three precise positions. The other extreme position is adopted as the fourth precise position. The second extreme position is included because the motion from the first to the second extreme position defines the stroke of the output link -the working element. Since this is a complex mechanism, it is necessary to divide it into mutually independent parts structured as open kinematic chains, so-called modules. The methodology of the synthesis of open kinematic chains is very well developed and is based on kinematic geometry principles. In accordance with the solvability and prescribed synthesis requirements, the solving order of the moduls is determined. Analytical equations are formed based on the geometric solution and can be used for further analysis and optimization. As an example, the synthesis of a Stephenson III mechanism containing a 4-bar Assur group was performed. The parameters of the mechanism working cycle were prescribed. The dwell of the output link is not absolute -the angle of the output link changes by ±0.5°, which is still considered acceptably accurate for a wide range of practical applications. To increase the quality of the mechanism dwell, it is possible to optimize the mechanism using the equations formed during the procedure. Future work will see this method expanded to include mechanisms with sliding joints, as well as mechanisms with two required dwell periods per working cycle.
